Aims Dyspnoea is common in heart failure (HF) but non-specific. Lung ultrasound (LUS) could represent a non-invasive tool to detect subclinical pulmonary congestion in patients with undifferentiated dyspnoea.
Introduction
Pulmonary congestion, often manifested by dyspnoea, is the most common sign of heart failure (HF), yet it is non-specific and can be a symptom of many other conditions. The detection and quantification of pulmonary congestion based on current methods remain challenging owing to poor test sensitivities. 1, 2 Lung ultrasound (LUS) is a relatively novel, semi-quantitative technique to assess pulmonary congestion in patients with known or suspected HF. 3 Sonographic B-lines are hyperechoic, vertical lines on LUS, which provide a graded measure of extravascular lung water and change rapidly with removal of fluid during dialysis or diuresis. 4, 5 Data on the diagnostic utility of this method in ambulatory patients with undifferentiated dyspnoea and its association with invasive haemodynamic measures are sparse. We sought to assess the feasibility of employing an abbreviated eight-zone lung imaging protocol before and after invasive cardiopulmonary exercise testing (iCPET) with respect to the detection of B-lines in an outpatient cohort with undifferentiated dyspnoea in order to inform future, larger studies. The secondary, exploratory objectives were to examine the feasibility of two additional posterior zones and the association between eight-zone B-line number, invasive haemodynamics, and patient-reported dyspnoea.
Methods

Study population and protocol
We conducted a prospective observational study in ambulatory patients with unexplained exertional dyspnoea referred to the Brigham and Women's Hospital Dyspnea Center for iCPET. Eligible adults were identified through the exercise laboratory's schedule and review of supine pulmonary capillary wedge pressure (PCWP) readings in the cardiac catheterization laboratory. Main exclusion criteria were ventricular assist device, heart/lung transplantation, pneumothorax, interstitial lung disease, current lung or pleural cancer, chest drain, dialysis, liver failure, and pregnancy. Although patients with a medical history of asthma or chronic obstructive pulmonary disease were included in this study, none of these patients had a drop in SpO 2 < 93% (mean SpO 2 95%, range 93-98%) during peak exercise. And while seven participants had a history of atrial fibrillation, only one patient had atrial fibrillation on electrocardiography during the iCPET examination. The maximum heart rate in this patient during peak exercise was 106 b.p.m. Patients were divided into two groups on the basis of supine PCWP: Control group (Control) included subjects with supine PCWP ≤ 15 mmHg, and haemodynamic congestion group (Congestion) included those with supine PCWP > 15 mmHg. 6 Once on the upright cycle ergometer, LUS (LUS 1) and dyspnoea assessment [numeric ranking scale (NRS) 1; see subsequent details] were performed in sitting position at rest and following peak exercise immediately after transfer to a chair (LUS 2; NRS 2). Patients were excluded from this analysis if invasive haemodynamics were not measured (n = 1) or if no LUS images were acquired at any time point owing to equipment issues (n = 1). This study complies with the Declaration of Helsinki, the local Institutional Review Board approved the research protocol, and informed consent was obtained from all subjects.
Lung ultrasound
All LUS examinations were performed with standard echocardiographic equipment, utilizing 2-5 MHz phased array transducers. LUS data were collected in 10 zones, and the sum of B-lines in eight predefined zones was used for the primary analyses. 7 In secondary analyses, the sum of two nonstandard posterior zones was examined. To assure consistent B-line analysis blinded to clinical and haemodynamic information and time point (temporal blinding), all de-identified digital LUS videos were analysed offline by an experienced investigator as previously described. 7, 8 Zones in which pleural effusions were present were excluded from the analysis (n = 1 patient).
Invasive cardiopulmonary exercise testing
Patients underwent placement of a Paceport (Edwards Lifesciences Corp.) pulmonary arterial catheter through the internal jugular vein, and a radial artery catheter in the cardiac catheterization laboratory. All subjects completed a single bout of incremental exercise to exhaustion on an upright cycle ergometer (MedGraphics Corival Cycle Ergometer, Medical Graphics Corp., Lode, Groningen, The Netherlands). At least 2 min of rest was followed by 2 min of unloaded cycling. Work was then continuously increased by 5-25 W/min on the basis of the subjects' described exercise tolerance. Ventilation, systemic and pulmonary haemodynamics, and gas exchange were measured as previously described. 9, 10 See the Supporting Information for further details.
Patient-reported dyspnoea, clinical, and demographic data
Subjects were asked to rate their dyspnoea on a NRS from 0 to 10 (NRS; 0: no shortness of breath; 10: severe shortness of breath) at rest (NRS 1) and at completion of the exercise protocol (NRS 2).
11 Clinical and demographic data were collected from electronic medical records. Laboratory results were only reported if they were obtained within 60 days of the iCPET, and echocardiographic data within the past 12 months.
Statistical analyses
For the main analysis, we divided patients into two groups on the basis of supine PCWP as described earlier. We examined between-group comparisons for baseline characteristics using Fisher's exact test for categorical variables and rank sum tests for continuous variables. Continuous variables are presented as medians [inter-quartile range (IQR)] unless otherwise noted, and categorical variables as counts and percentages. Correlations between LUS and haemodynamic variables were assessed using the Spearman correlation coefficient. A two-sided significance level of 0.05 was used for all analyses. Data were analysed using STATA SE, Version 14.2 (StataCorp, Texas 2015).
Results
All 25 patients included in this analysis had adequate LUS images in eight zones at rest (LUS 1), and 20 patients (80%) had LUS findings and invasive exercise haemodynamics 203 adequate LUS images after peak exercise (LUS 2). For the two additional posterior zones, 24 patients had adequate LUS 1 images and 18 patients LUS 2 images. The median age of participants was 68 years (range 32-86), 60% were women, 80% were Caucasian, 32% had prior HF, and the median left ventricular ejection fraction (LVEF) was 59% (IQR 50, 60) ( Table 1) . Baseline characteristics were similar in patients with PCWP ≤ 15 mmHg and in those with PCWP >15 mmHg.
Invasive haemodynamics and lung ultrasound findings
In the entire cohort, B-line number ranged from 0 to 20 on eight-zone LUS at rest, and 84% of patients had any B-lines on eight-zone LUS ( Figure 1) . Patients in the Congestion group demonstrated higher supine right-sided intracardiac pressures and pulmonary vascular resistance than in the Control group ( Table 2) . In sitting position, both at rest and at peak exercise, pulmonary artery pressures and PCWP were higher in the Congestion group.
Although B-line number was numerically higher in the Congestion group, both at rest and after peak exercise, this difference did not reach statistical significance (P = 0.37 for eight-zone LUS at rest; P = 0.94 after exercise). In the entire cohort, there was an association between B-lines on LUS and supine and sitting (rest) pulmonary artery and PCWP [ Figures 2A and 2B] . For peak exercise haemodynamics, there was an inverse relationship between B-lines and peak VO 2 and cardiac output. By contrast, patient-reported dyspnoea was only associated with sitting PCWP at rest (r = 0.48, P = 0.017) but not with other haemodynamic measures ( Table 3) .
Discussion
The main findings of this feasibility study are as follows: (i) Among ambulatory patients with undifferentiated dyspnoea, B-lines can be detected at rest with an eight-zone protocol in the majority of patients.
(ii) Our data suggest that at rest, B-lines are associated with supine and upright pulmonary artery pressures and PCWP. (iii) There appears to be an inverse relationship between B-lines after peak exercise and peak VO 2 . CO, cardiac output; mPAP, mean pulmonary artery pressure; PASP, pulmonary artery systolic pressure; PCWP, mean pulmonary capillary wedge pressure; peak O 2 pulse, amount of oxygen consumed per heart beat; PVR, pulmonary vascular resistance; RA, right atrial pressure; RV, right ventricular pressure; SaO 2 , arterial oxygen saturation; TPG, transpulmonary gradient; VE/VCO 2 slope, minute ventilation/carbon dioxide production relationship; VE, minute ventilation; VO 2 , peak oxygen uptake.
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Few studies have investigated the association between invasive haemodynamics and LUS findings in patients with undifferentiated dyspnoea or HF. Two small studies in patients admitted to intensive care units with a variety of diagnoses, including patients on mechanical ventilation, found associations between B-lines and extravascular lung water, but associations with PCWP were inconsistent. 5, 12 A prior study of non-intubated patients undergoing right heart catheterization, which included 44% with prior HF, showed no association between B-lines and PCWP but rather with pulmonary artery pressures. 8 By contrast, in our study of ambulatory patients with undifferentiated dyspnoea, B-lines were associated with both PCWP and pulmonary artery pressures. Although our results should be considered hypothesis generating given the small sample size, it is conceivable that patients with left-sided HF leading to right-sided HF may demonstrate a higher degree of pulmonary congestion on LUS than those with isolated left HF. Prior studies may have led to inconsistent results due to heterogeneous study cohorts.
Data on LUS findings following exercise are sparse. One prior study investigated LUS findings in a heterogeneous cohort referred for stress echocardiography found an association between B-lines and echocardiographically estimated pulmonary artery systolic pressure and PCWP. 13 Another study examined supine LUS findings before and after non-invasive CPET in ambulatory and hospitalized HF with reduced ejection fraction patients and demonstrated an association with post-exercise B-line number and log-BNP and an inverse relationship of B-lines with peak VO 2 .
14 Similarly, we found an association between resting B-lines and PCWP, which was invasively measured in our study, and post-exercise B-lines and peak VO 2 . In contrast to our study, both prior investigations detected an increase in B-line number following exercise. These differences could be due to differences in patient cohorts, patient positioning during LUS (sitting in our study vs. supine during prior investigations), and timing of postexercise LUS images. 15 Technical challenges in obtaining post-exercise LUS images could contribute to suboptimal or missing post-exercise images. In addition, temporal blinding and offline B-line quantification in our study may have resulted in a smaller observed change in B-line number than previously reported, as prior studies did not employ temporal blinding. Finally, differences in the number of LUS zones evaluated (28 vs. eight zones) could have resulted in a smaller effect size, although 84% of patients in our study had a detectable number of B-lines at rest, suggesting that an eight-zone protocol may be sensitive enough to detect low levels of pulmonary congestion. 
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Limitations
This was a small study conducted at a single centre with the goal to assess the feasibility of a novel LUS protocol before and after iCPET. Laboratory values, including NT-proBNP, were not consistently available in all study patients. As this was a pilot study, we did not collect long-term outcome data.
Conclusions
Our data suggest that LUS in eight zones before and after iCPET is feasible. The number of B-lines at rest appears to be associated with invasively measured markers of haemodynamic congestion, and following peak exercise, there may be an inverse relationship with peak VO 2 .
